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FOREWORD

This toxicological profile is prepared in accordance with guidelines* developed by the Agency for
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for the hazardous substance described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a hazardous substance's toxicologic properties. Other pertinent
literature is also presented, but is described in less detail than the key studies. The profile is not intended to
be an exhaustive document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile
begins with a public health statement that describes, in nontechnical language, a substance's relevant
toxicological properties. Following the public health statement is information concerning levels of
significant human exposure and, where known, significant health effects. The adequacy of information to
determine a substance's health effects is described in a health effects summary. Data needs that are of
significance to protection of public health are identified by ATSDR and EPA.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant human
exposure for the substance and the associated acute, subacute, and chronic health effects;

(B) A determination of whether adequate information on the health effects of each substance is
available or in the process of development to determine levels of exposure that present a
significant risk to human health of acute, subacute, and chronic health effects; and

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels of
exposure that may present significant risk of adverse health effects in humans.

The principal audience for the toxicological profiles is health professionals at the Federal, State, and
local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has
been peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal scientists
have also reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel
and was made available for public review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

QT Shh—

David Satcher, M.D., Ph.D.
Administrator
Agency for Toxic Substances and
Disease Registry
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*Legislative Background

The toxicological profiles are developed in response to the Superfund Amendments and
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This
public law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly
found at facilities on the CERCLA National Priorities List and that pose the most significant potential
threat to human health, as determined by ATSDR and the EPA. The availability of the revised priority
list of 275 hazardous substances was announced in the Federal Register on April 29,1996 (61 FR
18744). For prior versions of the list of substances, see Federal Register notices dated April 17,1987
(52 FR 12866); October 20, 1988 (53 FR 41280); October 26,1989 (54 FR 43619); October 17,1990
(55 FR 42067); October 17, 1991 (56 FR 52166); October 28,1992 (57 FR 48801); and February
28,1994 (59 FR 9486). Section 104(I)(3) of CERCLA, as amended, directs the Administrator of
ATSDR to prepare a toxicological profile for each substance on the list.
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PEER REVIEW

A peer review panel was assembled for carbon disulfide. The panel consisted of the following
members:

1. Dr. Henry Peters, Professor of Neurology, University of Wisconsin, Madison, WI
Dr. Shane Que Hee, Professor of Environmental Health Sciences, UCLA School of Public
Health, Los Angeles, CA

3. Dr. Robert Rubin, Professor of Toxicology, Environmental Health Sciences, Johns Hopkins
School of Hygiene and Public Health, Baltimore, MD

These experts collectively have knowledge of carbon disulfide’s physical and chemical properties,
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and
quantification of risk to humans. All reviewers were selected in conformity with the conditions for
peer review specified in Section 104(1)(13) of the Comprehensive Environmental Response,
Compensation, and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the
peer reviewers’ comments and determined which comments will be included in the profile. A listing
of the peer reviewers’ comments not incorporated in the profile, with a brief explanation of the
rationale for their exclusion, exists as part of the administrative record for this compound. A list of
databases reviewed and a list of unpublished documents cited are also included in the administrative
record.

The citation of the peer review panel should not be understood to imply its approval of the profile’s
final content. The responsibility for the content of this profile lies with the ATSDR.
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1. PUBLIC HEALTH STATEMENT

This public health statement tells you about carbon disulfide and the effects of exposure.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites
in the nation. These sites make up the National Priorities List (NPL) and are the sites

targeted for long-term federal cleanup. Carbon disulfide has been found in at least 200 of the
1,430 current or former NPL sites. However, it’s unknown how many NPL sites have been
evaluated for this substance. As more sites are evaluated, the sites with carbon disulfide may
increase. This information is important because exposure to this substance may harm you and

because these sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a
container, such as a drum or bottle, it enters the environment. This release does not always
lead to exposure. You can be exposed to a substance only when you come into contact with

it. You may be exposed by breathing, eating, or drinking the substances or by skin contact.

If you are exposed to carbon disulfide, many factors determine whether you’ll be harmed.
These factors include the dose (how much), the duration (how long), and how you come in
contact with it. You must also consider the other chemicals you’re exposed to and your age,

sex, diet, family traits, life-style, and state of health.

1.1  WHAT IS CARBON DISULFIDE?

Pure carbon disulfide is a colorless liquid with a pleasant odor that smells sweet, The impure
carbon disulfide that is usually used in most industrial processes, however, is a yellowish
liquid with an unpleasant odor like that of rotting radishes. Carbon disulfide evaporates at
room temperature, and the vapor is more than twice as heavy as air. Carbon disulfide easily

explodes in air and also catches fire very easily.
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In nature, small amounts of carbon disulfide are found in gases released to the earth’s surface,
for example, in volcanic eruptions or over marshes. Microorganisms in the soil can also
produce gas containing carbon disulfide. Commercial carbon disulfide is made by combining
carbon and sulfur at very high temperatures. Several industries use carbon disulfide as a raw
material to make such things as rayon, cellophane, and carbon tetrachloride. Currently, the
largest user of this chemical is the viscose rayon industry. Carbon disulfide is also used to
dissolve rubber to produce tires and as a raw material to make some pesticides. See

Chapters 3, 4, and 5 for more information on the chemical and physical properties, use, and

environmental fate of carbon disulfide.

1.2  WHAT HAPPENS TO CARBON DISULFIDE WHEN IT ENTERS THE
ENVIRONMENT?

Carbon disulfide evaporates rapidly when released to the environment. The amount of carbon
disulfide released into the air through natural processes is difficult to judge because it is in
such small amounts in nature. This also makes it hard to monitor carbon disulfide and to
explain how it behaves when it comes into contact with other compounds. Most carbon
disulfide in the air and in surface water is from manufacturing and processing activities.
However, it is found naturally in coastal and ocean waters. Carbon disulfide has also been
found in the groundwater and soil at some EPA research sites around the country, but the

number of research sites that have carbon disulfide is small.

Once released to the environment, carbon disulfide moves quickly to the air. Once in the air,
carbon disulfide stays close to the ground because it is heavier than the surrounding air. It is
estimated that carbon disulfide will break down into simpler components after approximately
12 days. Carbon disulfide moves through soils fairly quickly. Carbon disulfide accidentally
released to soils normally evaporates rapidly. However, since carbon disulfide does not bind
tightly to soils, the amount that does not evaporate can easily move down through the soil
into groundwater. Since it is very mobile, it is not likely to stay in the soil long enough to be
broken down. It does not remain very long in water either because it evaporates within

minutes. However, if dissolved in water, it is relatively stable and is not easily broken down.
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It is estimated that carbon disulfide is not taken up in significant amounts by the organisms

living in water.

1.3 HOW MIGHT I BE EXPOSED TO CARBON DISULFIDE?

Carbon disulfide can enter your body if you breath air, drink water, or eat foods that contain
it. You can also be exposed by skin contact with soil, water, or other substances that contain
it. Oceans are a major natural source. The amount of carbon disulfide found in the air from
natural sources such as volcanoes is so low that good measurements are not available from
many areas. One measurement shows that carbon disulfide produced by marshes contributes

less than 8% of the sulfur in the upper atmosphere.

Small amounts of carbon disulfide can enter the air by evaporation and as a by-product of
several manufacturing processes. It is not clear how long carbon disulfide stays in the air.
Estimates range from 1 to 10 weeks. The people most often exposed to carbon disulfide are
workers in plants that use carbon disulfide in their manufacturing processes. The main way
they are exposed is through the air, and secondarily the skin. Carbon disulfide has also been
found in small amounts in some drinking water in the United States. Chapter 5 contains

more information on how you might be exposed to carbon disulfide.

1.4 HOW CAN CARBON DISULFIDE ENTER AND LEAVE MY BODY?

Most people are exposed to carbon disulfide by breathing air that contains it. Carbon
disulfide easily and rapidly enters your bloodstream through the lungs. Carbon disulfide can
also enter your body through your skin, or by eating or drinking foods that are contaminated
with the chemical. About 10-30% of carbon disulfide that the body absorbs leaves through
the lungs; less than 1% leaves in the urine. The rest of the absorbed carbon disulfide
(70-90%) is changed in the body and leaves the body in the urine in the form of other
chemicals. Small amounts of carbon disulfide also leave the body in sweat and saliva. For

more information, see Chapter 2.
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1.5 HOW CAN CARBON DISULFIDE AFFECT MY HEALTH?

At very high levels (10,000 parts of carbon disulfide per million parts [ppm] of air), carbon
disulfide may be life threatening because of its effects on the nervous system. Studies in
animals show that high levels of carbon disulfide can damage the heart. People who breathed
carbon disulfide near an accident involving a railroad car showed changes in breathing and
some chest pains. Among workers who breathed about 8 ppm, some developed very slight
changes in their nerves. Some workers who breathed more than 20 ppm during working
hours for at least 6 months had headaches, tiredness, and trouble sleeping. However, the
workers may have been exposed to other chemicals besides carbon disulfide. The current

standard for exposure in the workplace is 20 ppm over an 8-hour day and a 5-day work week.

Studies in animals indicate that carbon disulfide can affect the normal functions of the brain,
liver, and heart. However, the amount of carbon disulfide in the air to which animals in these
studies were exposed was much higher than the amounts in the air that the general public
usually breathes. The brains, livers, and hearts of the animals were affected only after
breathing air that contained carbon disulfide for days, months, or years. After pregnant rats
breathed 225 ppm carbon disulfide in the air, some of the newborn rats died or had birth
defects.

There is no information on health effects in people who eat food or drink water contaminated
with carbon disulfide. Animals fed food that contained carbon disulfide developed liver and
heart disease, and some showed abnormal behavior. These amounts, however, were very
much higher than those that occur in drinking water supplies. When pregnant animals
received large doses of carbon disulfide in their diet, some of the newborns died or had birth

defects.

Skin contact with spilt carbon disulfide can lead to burns at the contact site. In studies that
examined the harmful effects of skin contact with carbon disulfide, workers in a rayon plant
who handled fibers made with carbon disulfide for more than 14 days developed blisters on

their fingers. Rabbits developed blisters and ulcers on the treated areas of their ears.
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1.6 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN
EXPOSED TO CARBON DISULFIDE?

Carbon disulfide itself can be measured in breath, urine, and blood. It breaks down in the
body into other chemical substances called metabolites. These substances can be found and
measured in the urine. After carbon disulfide enters your body, these substances reach higher
levels than normally found. One chemical test using urine can be done to tell whether the
levels of these breakdown substances from carbon disulfide are higher than normal. This test
requires special equipment and is not routinely available in a doctor’s office. The test is not
specific for carbon disulfide exposure because other chemicals can also produce these
metabolites. Therefore, it cannot be used to find out exactly how much carbon disulfide you
were exposed to or to predict whether you’ll be harmed. Also, the test can only be used if
you have breathed in at least 16 ppm,; this test can be used for determining longer term
exposure to carbon disulfide. A second test based on a specific metabolite is more sensitive
and specific. It also requires special equipment and cannot tell you exactly how much carbon
disulfide you were exposed to or predict whether you’ll be harmed. Carbon disulfide leaves
the body quickly in the breath and in the urine. See chapters 2 and 6 for more information

on testing for carbon disulfide.

1.7 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government has set regulations to protect individuals from the possible health
effects of eating, drinking, or breathing carbon disulfide. The EPA suggested that taking into
your body each day an amount equal to 0.1 mg (milligram) of carbon disulfide per kg
(kilogram) of your body weight is not likely to cause any significant (noncancer) harmful

health effects.

The Occupational Safety and Health Administration (OSHA) regulates levels of carbon

disulfide in the workplace (see Table 7-1). OSHA requires that workroom air contain no
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more than an average of 20 ppm of carbon disulfide over an 8-hour working shift for

5 consecutive days in a work week.

The National Institute for Occupational Safety and Health (NIOSH) recommends that the
average workroom air levels of carbon disulfide not exceed 1 ppm over a 10-hour period.

For more information on rules and standards for carbon disulfide, see Chapter 7.

1.8 WHERE CAN | GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE, Mailstop E-29

Atlanta, Georgia 30333

(404) 639-6000

This agency can also provide you with the location of the occupational and environmental
health clinics. These clinics specialize in the recognition, evaluation, and treatment of illness

resulting from exposure to hazardous substances.
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2. HEALTH EFFECTS

2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of carbon
disulfide. It contains descriptions and evaluations of toxicological studies and epidemiological
investigations and provides conclusions, where possible, on the relevance of toxicity and toxicokinetic

data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near
hazardous waste sites, the information in this section is organized first by route of exposure -
inhalation, oral, and dermal; and then by health effect - death, systemic, immunological, neurological,
reproductive, developmental, genotoxic, and carcinogenic effects. These data are discussed in terms of
three exposure periods - acute (14 days or less), intermediate (15-364 days), and chronic (365 days

or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest
observed- adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the
studies. LOAELSs have been classified into “less serious” or “serious” effects. “Serious” effects are
those that evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute
respiratory distress or death). “Less serious” effects are those that are not expected to cause significant
dysfunction or death, or those whose significance to the organism is not entirely clear. ATSDR
acknowledges that a considerable amount of judgment may be required in establishing whether an end
point should be classified as a NOAEL, “less serious” LOAEL, or “serious” LOAEL, and that in some
cases, there will be insufficient data to decide whether the effect is indicative of significant

dysfunction. However, the Agency has established guidelines and policies that are used to classify
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these end points. ATSDR believes that there is sufficient merit in this approach to warrant an attempt
at distinguishing between “less serious” and “serious” effects. The distinction between “less serious”
effects and “serious” effects is considered to be important because it helps the users of the profiles to
identify levels of exposure at which major health effects start to appear. LOAELs or NOAELSs should
also help in determining whether or not the effects vary with dose and/or duration, and place into

perspective the possible significance of these effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and
figures may differ depending on the user’s perspective. Public health officials and others concerned
with appropriate actions to take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals or exposure levels below which no adverse
effects have been observed. Estimates of levels posing minimal risk to humans (Minimal Risk Levels

or MRLs) may be of interest to health professionals and citizens alike.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have
been made for carbon disulfide. An MRL is defined as an estimate of daily human exposure to a
substance that is likely to be without an appreciable risk of adverse effects (noncarcinogenic) over a
specified duration of exposure. MRLs are derived when reliable and sufficient data exist to identify
the target organ(s) of effect or the most sensitive health effect(s) for a specific duration within a given
route of exposure. MRLs are based on noncancerous health effects only and do not consider
carcinogenic effects. MRLs can be derived for acute, intermediate, and chronic duration exposures for
inhalation and oral routes. Appropriate methodology does not exist to develop MRLs for dermal

exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA
1989b), uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges
additional uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.
As an example, acute inhalation MRLs may not be protective for health effects that are delayed in
development or are acquired following repeated acute insults, such as hypersensitivity reactions,
asthma, or chronic bronchitis. As these kinds of health effects data become available and methods to

assess levels of significant human exposure improve, these MRLs will be revised.
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A User’s Guide has been provided at the end of this profile (see Appendix A). This guide should aid
in the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

2.2.1 Inhalation Exposure

Carbon disulfide can exist in air as vapor. Table 2-1 and Figure 2-1 summarize the available
quantitative information on the health effects that have been observed in humans and animals
following inhalation exposure to carbon disulfide. All exposure levels are expressed as parts per
million (ppm). In many workplace exposures, exposure could be by inhalation and skin exposure,

rather than inhalation exposure alone.

2.2.1.1 Death

Several epidemiology studies have reported increased mortality among workers in viscose rayon plants
who were occupationally exposed to carbon disulfide as well as other chemicals (Hernberg et al. 1970,
1973; Tolonen et al. 1975, 1979). Deaths have also been reported in a community in India following
an accidental release of large amounts of carbon disulfide, hydrogen sulfide, and sulfuric acid from a
viscose rayon plant (Kamat 1994). However, no definitive or consistent conclusions can be drawn
from these studies because of concomitant exposure to other chemicals, uncertainty about exposure

concentrations, and the likelihood of multiple routes of exposure.

In a 10-year (1975-1985) epidemiological study of 251 workers exposed to carbon disulfide and

124 controls in two viscose rayon factories in Czechoslovakia, increases in total and cardiovascular
mortality were noted in spinners exposed to high levels of carbon disulfide (Balcarova and Halik
1991). Although associated levels of exposure were not quantified for this particular group, the study
authors estimate that exposures ranged from less than 9.6 to 48 ppm. However, insufficient data were
provided to fully support their conclusions. An approximately 15% increase in deaths resulting from
circulatory disease was observed among Dutch viscose rayon workers exposed to carbon disulfide
concentrations which were described as “at least 7 ppm, and possibly higher” (Swaen et al. 1994).
The increased risk of dying from circulatory disease was greatest 20-30 years after the start of the

exposure.



CARBON DISULFIDE 10
2. HEALTH EFFECTS

The approximate LCs for a 60-minute exposure in male mice was 220 ppm (Gibson and Roberts
1972). Inhalation exposure of pregnant rats to 642 ppm during gestation produced 33% mortality
among dams; exposure to 225 ppm produced 35% mortality among pups (Lehotsky et al. 1985). Four
of 22 mice died following inhalation exposure to 800 ppm for 6 hours a day, 5 days a week, for

90 days (Toxigenics 1983c). The reliable LCs values for male mice and the LOAEL value for female

rats for the acute-duration category are recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.2 Systemic Effects

No studies were located regarding musculoskeletal and dermal effects in humans or animals after
inhalation exposure to carbon disulfide. Information on respiratory, cardiovascular, gastrointestinal,
hematological, hepatic, renal, endocrine, ocular, body weight, and other systemic effects after
inhalation exposure is presented below. The highest NOAEL and all LOAEL values from each
reliable study for these systemic effects in each species and each duration category are recorded in

Table 2-1 and plotted in Figure 2-1.

Respiratory Effects. Following an accident involving a railroad car, 27 individuals were exposed

via inhalation to an unspecified concentration of carbon disulfide. Subtle and transient changes in
pulmonary function were manifested as reduced vital capacity and decreased partial pressure of arterial
oxygen (Spyker et al. 1982). Dyspnea was reported in 77 of the 123 persons following an accidental
release of large amounts of carbon disulfide, hydrogen sulfide, and sulfuric acid from a viscose rayon

plant in India (Kamat 1994). Exposure concentrations were not stated.

White male Wistar rats exposed to 803 ppm carbon disulfide for 18 hours showed reduced cardiac and
respiratory rates and severe narcosis (Tarkowski and Sobczak 1971). However, this study used only

six or seven animals and only one dose was tested.

Cardiovascular Effects. In humans, vascular atherosclerotic changes are a primary effect following
long-term exposure to carbon disulfide. This is supported by epidemiological studies that have
established a relationship between occupational exposure to carbon disulfide and increased mortality
due to coronary heart disease (Hernberg et al. 1970, 1971, 1973; MacMahon and Monson 1988; Tiller
et al. 1968; Tolonen et al. 1979) and circulatory disease deaths (Swaen et al. 1994). Milder

manifestations such as angina have also been documented (Hernberg et al. 1971; Tolonen et al. 1979).



TABLE 2-1. Levels of Significant Exposure to Carbon Disulfide - Inhalation Q
o))
Exposure LOAEL (effect) 8
Keyto® Species  duration/ NOAEL Less serious Serious g
figure (strain) frequency System (ppm) (ppm) (ppm) Reference g
c
ACUTE EXPOSURE S
m
Death
1 Rat 8 d 6hr/d 642 F (33% mortality) Lehotsky et al.
(CFY) Gd 7-15 1985
2 Mouse 60 min 220 M (LC,,) Gibson and
(Swiss- Roberts 1972
Webster)
Systemic
3 Rat 8 hr Hepatic 20F (increase in total lipids) Freundt et al. >
(Wistar) 1974a P
5
4 Rat 18 hrs Resp 803 M (decreased respiratory rate) Tarkowski and r:ﬁ
(Wistar) Sobczak 1971 o
Cardio 803 M (decreased cardiac rate) 3
7
5  Rabbit 12d6hr/d  Hemato 1100 Brieger 1949
Neurological
6 Rat 1 hr 642 M (significant decrease in Magos et al. 1974
(Wistar) brain noardrenaline;
increased sensitivity to
amphetamine)
7 Rat 18 hr 803 M (severe narcosis, Tarkowski and
(Wistar) straightening of hindlimbs) ~ Sobczak 1971
8 Rat 12 hr 777.1 F (swollen mitochondria in Tarkowski et al.
(Wistar) brain; increased ATP) 1980.

Lt



TABLE 2-1. Levels of Significant Exposure to Carbon Disulfide - Inhalation (continued) o
)|
\ Exposure LOAEL (effect) @
Keyto  Species  duration/ NOAEL Less serious Serious g
figure (strain)  frequency System (ppm) (ppm) (ppm) Reference &
c
Developmental 5
®]
9 Rabbit 13 d 6hr/d 300 F 600 F (increased PAL 1991 m
(New Zealand Gd 6-18 post-implantation loss)
White)
INTERMEDIATE EXPOSURE
Death
10 Mouse 90 d 5d/wk 800 (4/22 died) Toxigenics 1983¢
(B6C3F1)  6hr/d
Systemic o
11 Rat 1-6 mo Cardio 32 M 16 M (myocardial edema and Antov et al. 1985 i
) >
(NS) 5d/wk microhemorrhages) g
5-8 hr/d I
m
q
12 Rat 11 wk Bd wt 400 F 800 F (15% decrease body Rebert and 5
(Long- Evans) 7d/wk weight) Becker 1986 w
7hr/d
13 Rat 1i5d Bd Wt 200 F 400F (19% decreased in Saillentait et al.
(Sprague-  6hr/d maternal body weight 1989
Dawley) Gd 6-20 gain)
14 Rat 1-14 mo Bd wt 482 (decreased body weight) Szendzikowski et

(Wistar) Shr/d

15 Rat 10 wk Bd Wt 600 M
(Long- Evans) 5d/wk
5hr/iwk

al. 1974

Tepe and Zenick
1984

cl



TABLE 2-1. Levels of Significant Exposure to Carbon Disulfide - Inhalation (continued)
Exposure LOAEL (effect)
Keyto" Species  duration/ NOAEL Less serious Serlous
figure (strain)  frequency System (ppm) {ppm) (ppm) Reference
16 Rat 8 mo Hepatic 74  (increased serum lipids) Wronska-Nofer
(Wistar) 6d/wk 1973
5hr/d 161 (increased liver
cholesterol synthesis)
Bd Wt 321 546  (26% decrease in body
weight)
17 Mouse 90d Hemato 300 800 (decreased RBC count, Toxigenics 1983c
(B6C3F1) 5d/wk total hemoglobin, and
éhr/d hematocrit)
Hepatic 800
Renal 300 800 (nephropathy)
Ocular 800
Bd Wt 300 800 (decreased body weight
10-11%)
Neurological
18  Monkey 5-13 wk 256 F (severely reduced visual Merigan et al.
(Macaque)  5d/wk acuity and contrast 1988
6hr/d sensitivity due to effect on
optic nerve; retinal ganglion
cell degeneration)
19 Rat 5or12 wk 500 M (decrease in auditory Clerici and
(Long- Evans) 5d/wk 6h/d startle reflex amplitude) Fechter 1991
20 Rat 90 d 6h/d 50 300 (occasional swelling of Gottfried et al
(Sprague-  5d/wk axons in lumbar spinal 1985
Dawley cord)
males, F344
females)

S$103443 H1IV3H ¢

3Ai41NS1 NOgHVvD

el



TABLE 2-1. Levels of Significant Exposure to Carbon Disulfide - Inhalation (continued)

Exposure LOAEL (effect)
Keyto® Species  duration/ NOAEL Less serious Serlous
figure (strain)  frequency System (ppm) (ppm) (ppm) Reference
21 Rat 1-14 mo 482  (axonal swelling and Szendzikowski et
(Wistar) 5hr/d distended mitochondria) al 1974
22 Rat 10 mo 6d/wk 578 M (loss of motor equilibrium, ~ Tarkowski and
(Wistar) 5hr/d muscular weakness, Sobczak 1971
hindlimb paresis)
23 Rat 10 mo 5Shr/d 257 F (uncoupling of oxidative Tarkowski et al.
(Wistar) 5d/wk phosphorylation) 1980
24 Rat 6 wk 5d/wk 642.2 M (decreased hindlimb Tilson et al. 1979
(Fischer- 344) 4hr/d extensor responses and
motor coordination)
25 Rat 8 mo 6d/wk 321 546  (paralysis of hindlimbs) Wronska-Nofer
5hr/d 1973
26 Mouse 90 d 5d/wk 300 800 (degeneration of Toxigenics 1983c
6hr/d peripheral nerves)
Reproductive
27 Rat 10 wk 5d/wk 350 M 600 M (reduced plasma Tepe and Zenick
(Long- Evans) 6 hr/d testosterone; slightly lower 1984
sperm counts)
Developmental
28 Rat 19d 6-7hr/d 40 F Hardin et al. 1981
(Wistar, Gd 1-19
Sprague-
Dawley)

S103443 H1TV3H ¢

34147NSIA NOgHVYD

14



TABLE 2-1. Levels of Significant Exposure to Carbon Disulfide - Inhalation (continued)
. . Exposure LOAEL (effect)
Keyto Species  duration/ NOAEL Less serious Serious
figure (strain)  frequency System (ppm) (ppm) (ppm) Reference
29 Rat Pregestation 40 F NIOSH 1980
(Sprague- 3 wk 5d/wk
Dawley) 7hr/d, Gd
6-18 or 0-18
30 Rat 15 d 6hr/d 200 400 (reduced fetal weight) Saillenfait et al.
(Sprague-  Gd 6-20 1989
Dawley)
31 Rabbit 24d 40 F Hardin et al 1981
(New Zealand 6-7hr/d
White) Gd 1-24
32 Rabbit Pregestation 40 F NIOSH 1980
(New Zealand 3 wk 5d/wk
White) Gd 0-21 or
Gd 7-21
7 hi/d
CHRONIC EXPOSURE
Systemic
33 Human 3-12yr Cardio 9.6 Cirla and
Graziano 1981
Hemato 9.6
Neurological
34 Human 3-12yr 9.6 Cirta and

occup

Graziano 1981

$103443 H1v3aH 2

3Q1347NS1a NOgHVvD

Sl



TABLE 2-1. Levels of Significant Exposure to Carbon Disulfide - Inhalation (continued)
. ' Exposure ] LOAEL (effect)
Keyto Species  duration/ NOAEL Less serious Serious
figure (strain)  frequency System (ppm) (ppm) (ppm) Reference

35 Human 121 yr
occup

7.6 M (decreased peroneal
nerve MCV and sural
nerve SVC)

Johnson et al.
1983

*The number corresponds to entries in Figure 2-1.
"Used to derive a chronic inhalation Minimal Risk Level (MRL) of 0.3 ppm for carbon disulfide; the LOAEL of 7.6 ppm was divided by an uncertainty factor of 30 (10
for human variability and 3 for use of a minimal LOAEL).

ATP.= adenosine triphosphate; Bd Wt = body weight; Cardio = cardiovascular; d = day(s); F = female; Gd = gestational day; Hemato = hematological; hr = hour(s);
LC,, = lethal concentration, 50% kill; LOAEL = lowest-observed-adverse-effect level; M= male; MCV = motor nerve conduction velocity; min = minute(s); mo =
month(s); NOAEL = no-observed-adverse-effect level; NS = not specified; occup = occupational; RBC = red blood cell; Resp = respiratory; SVC = sensory conduction

velocity; wk = week(s); yr = year(s)

S103443 HIV3IH 2

3QI4INSIA NOgdvO

9l



Figure 2-1. Levels of Significant Exposure to Carbon Disulfide — Inhalation
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Figure 2-1. Levels of Significant Exposure to Carbon Disulfide — Inhalation (continued)
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Figure 2-1. Levels of Significant Exposure to Carbon Disulfide — Inhalation (continued)
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Figure 2-1. Levels of Significant Exposure to Carbon Disulfide - Inhalation (continued)
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However, since reliable data on exposure levels were not available, it is impossible to establish a dose-
response relationship or a NOAEL. In addition, coronary heart disease has a multicausal origin that is
in part related to the saturated fat intake of the population and is also influenced by a large number of
other risk factors such as smoking, other dietary habits, diabetes, and physical inactivity. A
combination of two or more risk factors greatly increases the incidence of coronary heart disease, and
therefore carbon disulfide may be a cofactor in the presence of other risk factors (WHO 1979).
Another limitation with occupational studies reported from the viscose rayon industry is concurrent
exposure to other chemicals such as hydrogen sulfide (Hernberg et al. 1970; Rubin and Arieff 1945;
Swaen et al. 1994; Tolonen et al. 1979).

A retrospective mortality study revealed that 223 viscose rayon process workers employed for more
than 10 years and exposed to carbon disulfide at concentrations in excess of 20 ppm had a statistically
significant increase (2.5-fold) in deaths due to coronary heart disease from 1933 to 1962, compared to
174 nonprocess workers from the same factory (Tiller et al. 1968). Over the 30-year study period,
42% of all deaths in rayon process workers were attributed to coronary heart disease; the proportion
was 24% for other rayon workers and 17% for other local males used as controls. The excess
mortality was more pronounced in the 1940s and declined towards 1960, indicating a strong
dependence on the intensity of exposure, which had decreased during this interval. The same study
demonstrated that the death rate from coronary heart disease was proportionally higher among workers
engaged in the viscose spinning process than in other workers. However, nonexposed workers also
had a significantly higher death rate than expected for coronary heart disease, as did controls not
employed in the viscose industry. These factors limit the value of this study. Other limitations

include an inappropriately selected control group, failure to control for other coronary heart disease
risk factors such as smoking, dietary habits, physical inactivity, and obesity, and failure to monitor
blood pressure and blood lipid levels. In addition, there may have been concomitant exposures to

other chemicals in these industrial environments.

A prospective mortality study at a Finnish plant during the period of 1967-1977 revealed a similar
excess of deaths (2.5-fold) due to coronary heart disease (Tolonen et al. 1979). Two cohorts were
followed over a 10-year period, 1967-1977; 343 viscose rayon workers exposed to carbon disulfide
were individually matched with workers from the local paper mill. There was no significant difference
between the exposed and control groups with regard to smoking habits, physical activity, obesity, or

drug treatment. Carbon disulfide concentrations in workplace air were 10-30 ppm during the 1960s
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20-60 ppm during the 1950s and higher in earlier time periods. The incidence of mortality due to
coronary heart disease was 29/343 in the exposed group versus 11/343 in the control group. Periodic
health surveys during the study revealed an increased incidence of angina and increased blood pressure
compared to a well-matched control group (Tolonen et al. 1979). The incidence of deaths from
coronary heart disease appeared to be much greater during the first 5 years as reported in interim
results of the same cohorts, but the numbers were too small to draw any conclusions (Hernberg et al.

1970, 1973).

Increased mortality from cardiovascular causes was noted in a 1975-1985 epidemiological study of
251 workers exposed to carbon disulfide compared to 124 nonexposed workers in two viscose rayon
factories in Czechoslovakia (Balcarova and Halik 1991). The workers (spinners) were exposed to
“high” levels of carbon disulfide with estimated concentrations ranging from less than 9.6 to 48 ppm.
An increased incidence of myocardial infarction was also noted in the highly exposed group compared
to controls. However, this study should be interpreted with caution since scanty data were provided

regarding methods employed.

In a study conducted on Egyptian workers employed in a viscose rayon factory, Kamal et al. (1991)
found a significantly higher prevalence of pathological changes revealed by electrocardiogram (ECG).
The study was conducted on 253 workers exposed to 20-45 ppm of carbon disulfide for 4-29 years;
the control group consisted of 99 workers. No association was found between the duration of
exposure and ECG activity; this finding indicates that the duration of exposure to carbon disulfide may
not be a major risk factor unless there are other predisposing factors. The study was limited, however,
because the exposure concentrations documented in factory records may not have been representative

of the actual exposures.

Among men who had been exposed to carbon disulfide for 5 or more years between 1942 and 1967,
the incidence of angina was 25% compared to 13% in unexposed controls, and a significant increase in
blood pressure was seen (Hernberg et al. 1971, 1976; Tolonen et al. 1975). Nonfatal first cardiac
infarctions were more frequent in the exposed group (11) than in the control group (4). The relative
risk of a fatal myocardial infarction was 4.8 times greater among those exposed to carbon disulfide; 16
of 343 men died of coronary heart disease within the 5-year period compared to 3 of 343 men in the
control group (p<0.007) (Hernberg et al. 1973; Tolonen et al. 1975). In a subsequent study, the

original relative risk estimates were adjusted for potential confounding effects of hypertension and
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aging. After these adjustments, carbon disulfide exposure yielded a relative risk of 2.3 for coronary
disease mortality (Nurminen et al. 1982). Thus, although the prognosis for exposed workers was
better with improved occupational hygiene and with a reduction in the length of exposure over a
lifetime, there was apparently some increased risk attributable to carbon disulfide exposure in this

cohort. However, there were no adjustments for possible concomitant exposures to other chemicals.

A follow-up study of 343 Finnish viscose rayon workers was performed to examine the incidence of
cardiovascular mortality from 1967 to 1982 (Nurminen and Hernberg 1985). Exposure to carbon
disulfide varied greatly (approximately 22 ppm to <I0 ppm), with a decrease in exposures after 1972.
Within the first 5 years of follow-up (1967-1972), there was a 4.7-fold increase in ischemic and heart
disease mortality compared with a cohort of paper mill workers. In the period of 1972-1974, the
relative risk ratio was 3.2. After all workers with high coronary risk factors were removed from
exposure (19% of the cohort was exposed in 1977 compared to 53% in 1972), the risk of
cardiovascular death was reduced to a ratio of 1.0 in the years 1974-1982. This study indicates that
the cardiotoxic effects of carbon disulfide may be reversible with removal of individuals from the toxic
environment. Caution must be used in interpreting these data because of the increase in the incidence
of cardiovascular events in the aging cohort population and the possibility that carbon disulfide

accelerates death in high-risk individuals.

In a study of Japanese viscose rayon workers, no effects were noted on blood pressure or on the
incidence of angina. The exposed group comprised 420 rayon filament workers; 390 controls were
obtained from a local cuprammonium rayon factory (Sugimoto et al. 1978). Mean carbon disulfide air
levels were below 20 ppm at the time of the study (about 1975); these levels had been higher

(15-30 ppm) during the 1950s. These observations suggest that ethnic variation or other demographic
factors (e.g., dietary habits) may affect the response to carbon disulfide. Cardiovascular effects on 50
viscose rayon workers occupationally exposed to an average range of 3.2-9.6 ppm carbon disulfide for
3-12 years were compared to a pair-matched control group from unexposed departments of the plant
(Cirla and Graziano 1981). On ophthalmoscopy, two control and two exposed workers suffered minor
vascular changes. Both systolic and diastolic mean blood pressures were higher in the control group.
Differences were not statistically significant (p>0.10). The use of a questionnaire, confirmed by
electrocardiography, determined one case of arrhythmia and one case of coronary heart disease in the
exposed group, with no cases reported for the control group. The one case of coronary heart disease

suggests there is some cardiac effect of carbon disulfide, but no general conclusions can be reached by
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this study. The results further suggest that occupational exposure below 9.6 ppm (maximum exposure
concentration) for up to 12 years does not cause recognizable health damage. This interpretation must
be viewed with caution because the maximum exposure duration to carbon disulfide was only

12 years, with most workers between 6 and 9 years at risk. In addition, workers were exposed to
mean average concentrations of 3.2-8 ppm carbon disulfide. If carbon disulfide exerts effects through
an arteriosclerotic process, this duration of exposure may not have been adequate to observe
cardiovascular effects. Also, the study does not include the turnover rate due to death or attrition

among workers, some of which could be attributable to cardiovascular effects.

In another study, the effects of carbon disulfide on the cardiovascular system of 1,498 rayon workers
were evaluated in comparison to 481 acetate workers (Lieben et al. 1974). An electrocardiogram,
blood pressure level, total cholesterol level, and occupational exposure history were obtained for each
worker. The only statistically significant finding was a higher average blood pressure level (140/87) in
workers in the rayon plants than in workers in the acetate plants (135/83). However, blood pressure
readings did not differ significantly among workers exposed to high, medium, and low concentrations
of carbon disulfide, which suggests the lack of a dose response. Although no data were presented,
there could have been confounding exposures to other chemicals. Increased retinal arterial pressure
but not brachial arterial pressure was observed in viscose rayon workers exposed to carbon disulfide at
average concentrations of 64-161 ppm with peaks of 289 ppm for 1-9 years (Maugeri et al. 1967). A

correlation between effects and duration of exposure was not detected.

Physical examinations were completed both before and after 114 workers were exposed to carbon
disulfide for 5 years (Chrostek-Maj and Czeczotko 1995a). Cardiovascular effects, as assessed by
blood pressure and electrocardiograms, were not observed. Exposure concentrations were stated as a
mean of 0-21 ppm and a median of 0-1.1 ppm. Carbon disulfide metabolites in the urine ranged from
0 to 950 mg/L. Cardiovascular effects, as assessed by blood pressure, blood coagulation, and
measurement of serum creatine kinase activity, were not observed in 247 workers exposed to carbon

disulfide at a median concentration of 4 ppm for a median duration of 4 years (Drexler et al. 1995b).

As described in Section 2.7, an interaction between carbon disulfide exposure and consumption of an
atherogenic diet may lead to enhanced cardiotoxicity in rats. Rats administered carbon disulfide at
16 ppm and greater for up to 6 months exhibited concentration-related structural and functional

changes (distention of the lumen, attenuation of myocardial vessels, irregular thickening of the aorta
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wall, as well as microscopic histological changes). Although an increase in the enzyme activity
(fructose-1,6-phosphatase, glutamate dehydrogenase, and glucose-6-phosphate dehydrogenase) was
reported at the lowest concentration (3.2 ppm), the statistical significance of this finding was not
reported. Also, no structural changes were seen at 3.2 ppm. However, when rats exposed to the same
concentration of carbon disulfide were administered an atherogenic diet, there was an increase in
mortality, a decrease in albumin and increase in globulin fractions in the serum, and serious metabolic

and structural changes in the myocardium and the aorta (Antov et al. 1985).

Rats chronically administered 321.1 ppm carbon disulfide (5 hours a day, 6 days a week, for

15 months) did not develop any gross or histological lesions in the aorta; however, lipid droplets were
occasionally noted on histological examination of the coronary arteries (Wronska-Nofer et al. 1980).
In this same study, rats simultaneously fed an atherogenic diet had more advanced lipid infiltrates of
the coronary arteries, which suggests that carbon disulfide may have an accelerating effect on
atherosclerotic changes induced by dietary hypercholesterolemia. Thus, carbon disulfide may have
promoted the development of atherosclerosis and coronary heart disease via altered cholesterol

metabolism within the arterial wall.

Male Wistar rats exposed to 803 ppm for 18 hours showed reduced cardiac and respiratory rates and
severe narcosis (Tarkowski and Sobczak 1971). However, this study used only six or seven animals

and only one dose was tested.

Several studies have shown that carbon disulfide causes vascular changes in various organs of
experimentally exposed animals. Acute inhalation (2 days) of 1,285 ppm in phenobarbitone-pretreated
rats resulted in myocardial lesions characterized by necrosis, interstitial edema, and cellular infiltrate

(Chandra et al. 1972). This effect was not observed in rats treated with carbon disulfide alone.

Gastrointestinal Effects. Nausea and vomiting were reported in approximately 50% of

123 persons following an accidental release of carbon disulfide in India (Kamat 1994).
Gastrointestinal symptoms are also common among heavily exposed workers with carbon disulfide
poisoning. In one study, 28% of the workers in a viscose rayon plant had a prevalence of symptoms
(Vigliani 1954), and in another, viscose workers (n=100) exposed to 1.9-26.4 ppm carbon disulfide in
combination with 1.0-4.0 ppm hydrogen sulfide for 3 months to 17 years complained of stomach

distress and impaired appetite (Rubin and Arieff 1945). Significant associations with nausea,
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vomiting, and flatulence were also found in 119 carbon disulfide-exposed workers in a cross-sectional
study by Vanhoorne et al. (1992b). Workers were exposed to 1-36 ppm for an average of 4.2 years.
These studies, however, are of limited value because of fluctuating exposure concentrations,
concomitant exposure to other chemicals, and the fact that the reported symptoms are nonspecific and

may have several etiologic agents.

No studies were located regarding gastrointestinal effects in animals after inhalation exposure to

carbon disulfide.

Hematological Effects. Relative to 18 unexposed persons, fibrolytic activity was decreased in

57 workers exposed to carbon disulfide at 59-169 ppm for 2-8 years (Visconti et al. 1967). Serum
plasmin concentrations decreased with increasing exposure duration. Red blood cell and white blood
cell counts were not significantly different from preemployment values in 114 workers exposed to

carbon disulfide at 0-21 ppm for 5 years (Chrostek-Maj and Czeczotko 1995a).

In animals, there is limited information that hematological effects occur following inhalation exposure.
Brieger (1949) studied the bone marrow of four rabbits acutely exposed (6 hours/day for 12 days) to
1,100 ppm carbon disulfide and found no hematological effects. In the same study, longer exposure

(6 hours/day for 48 days) to 300 ppm resulted in significantly increased pseudo-eosinophilic cells with
a corresponding reduction in lymphocytes. It can be concluded that carbon disulfide increases the
relative number of cells in the granulocytic series in the bone marrow. In another study, eight dogs
exposed to 400 ppm carbon disulfide for 8 hours a day, 5 days a week, for 11 weeks did not exhibit
adverse hematological effects or adverse alterations in blood chemistry except for a slight decrease in
the serum albumin level after 2 weeks (Lewey et al. 1941). Significant depression in erythrocyte
counts, total hemoglobin, and hematocrit were noted in mice exposed to 800 ppm, 6 hours daily,

5 days a week, for 90 days (Toxigenics 1983c). These studies suggest that hematologic effects are not
consistent across species. Furthermore, these effects are likely to be dose- and duration-dependent.

These changes do not correlate with clinical changes in the animals.

Hepatic Effects. Male volunteers exposed for 6 hours to graded concentrations (10-80 ppm) of
carbon disulfide showed inhibition of oxidative demethylation of orally administered amidopyrine
(Mack et al. 1974). In another study, Vanhoorne et al. (1992b) reported significantly increased liver

size and y-glutamyltransferase (GGT) activity in 119 carbon disulfide exposed workers compared to
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79 controls. Workers had been exposed to 1-36 ppm for a mean of 42 years. However, since

adequate exposure data were not presented, this study should be interpreted with caution.

There is some evidence for increased serum cholesterol levels in workers exposed for prolonged
periods to carbon disulfide levels in the range of 20-60 ppm, but most of these studies did not use an
adequately matched control group (UK/HSE 1981). This study also measured total cholesterol levels
and did not differentiate between high- and low-density cholesterol. Therefore, no interpretation is
possible. An examination of total lipids, total and free cholesterol, and triglycerides in serum was
conducted in workers with chronic exposure to carbon disulfide in a viscose rayon factory in
Yugoslavia with time-weighted average (TWA) exposures of 4 ppm (n=58) or 18.5 ppm (n=102) over
17 years. Levels were compared to a nonexposed group of 41 workers (Krstev et al. 1992). Although
there was a lack of dose response, i.¢., total lipid and triglyceride levels were similar regardless of
exposure, these levels were higher in exposed than in nonexposed workers. Again, no definitive
conclusion can be established. In another study, workers chronically exposed to carbon disulfide in a
viscose factory were classified by exposure duration of less than (n=17) or greater than (n=17)

20 years (El-Sobkey et al. 1979). Thirteen workers served as controls, and carbon disulfide
concentrations ranged from 0.008 to 0.02 ppm for exposed workers. Exposed workers had
significantly lower exposure duration-related mean values of thyroxine and higher mean values of free,
esterified, and total cholesterol than controls. The study authors suggested that depression of serum
thyroxine may be a key manifestation in hypercholesterolemia among carbon disulfide-exposed
workers. The small sample size, lack of information on other exposures, and poorly characterized

exposure concentrations preclude establishing conclusions from this study.

A significant positive trend for low-density lipoprotein cholesterol (LDL-Ch), total cholesterol, and
diastolic blood pressure in workers exposed to carbon disulfide was observed in a cross-sectional study
by Egeland et al. (1992). The Egeland study used existing data (Fajen et al. 1981) on 165 carbon
disulfide-exposed workers and 245 unexposed controls recruited in 1979. The persons using
medications to control ischemic heart disease and hypertension, as well as those using corticosteroid or
thyroid medications, were excluded. Affected workers had been exposed for at least 1 year in a

viscose rayon factory to a median 8-hour TWA of 7.6 ppm. The increases observed in total

cholesterol were attributed to increases in LDL-Ch since there was no apparent effect on high-density
lipoprotein cholesterol (HDL-Ch) ; triglyceride and fasting glucose levels were not associated with

carbon disulfide exposure. Although these findings of an increased risk of arteriosclerotic heart
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disease have been attributed to increased LDL-Ch, the correlation between carbon disulfide exposure
and arteriosclerotic heart disease is not definitive in this study because of possible selection bias,
cumulative exposure uncertainties, lack of control for coronary disease risk factors such as diet and

exercise, and a limited statistical power to detect small changes in LDL-Ch.

Increased levels of LDL-Ch and apolipoprotein B as well as increased systolic and diastolic blood
pressure indicative of increased coronary risk were noted in 115 carbon disulfide-exposed workers in a
Belgian viscose rayon factory when compared to a control group of 76 workers (Vanhoorne et al.
1992a). Although these biochemical changes associated with cardiovascular disease were noted, no
significant increases in prevalence of angina, myocardial infarction, or ischemia, as indicated by ECG
changes, were found. In addition, elevated levels of apolipoprotein Al, which is a protective factor for
coronary risk were also noted in exposed workers; this too may be related to the toxic effects of
carbon disulfide exposure. Although the length of exposure was not specified, the authors noted that
conditions in the plant had not changed since 1932 and that concentrations ranged from 1 to 36 ppm
depending on job type. This study should be interpreted with caution since simultaneous exposure to
low levels of H,S also occurred. In addition, there may have been selection bias. Only 46% of those
eligible for the referent group participated while referents with health complaints may not have
participated, resulting in an underestimation of risk. Relative to preemployment values, increased
triglycerides and B-lipoproteins were observed in workers exposed to 0-21 ppm carbon disulfide for

5 years (Chrostek-Maj and Czeczotko 1995a). A similar effect was not observed in 62 unexposed

workers 5 years after a preemployment physical examination.

Compared to age-matched controls, an increase in total cholesterol, HDL-Ch, and LDL-Ch was
observed in women 40-49 years of age and 50-59 years of age (Stanosz et al. 1994b). The women
were exposed to carbon disulfide at 5-7 ppm for 0.5 to greater than 20 years. Only HDL cholesterol
and LDL cholesterol were increased when the values were examined by duration of carbon disulfide
exposure. Rather than being a hepatic effect, the investigators suggest that the effect may be on

hormone production by the ovaries resulting in altered lipid metabolism.

No effects on serum cholesterol levels were noted in workers chronically exposed to 10-30 ppm
carbon disulfide (Hernberg et al. 1971), and several studies failed to observe increased serum
cholesterol levels in workers exposed to carbon disulfide at concentrations below 20 ppm. In an

occupational study, 35 workers chronically exposed to carbon disulfide concentrations ranging from
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6.4 to 12.8 ppm for 5-20 years exhibited a statistically significant reduction in blood cholesterol

levels; a nonsignificant reduction in total lipid levels was also observed. This study is of limited value
because of the small sample size and the likelihood of concurrent exposure to other chemicals
(Sidorowicz et al. 1980). Another study of 70 men exposed to carbon disulfide in a viscose plant who
were matched to unexposed men working in a different division of the plant found no statistically
significant differences in blood lipid profiles (total cholesterol, HDL-Ch, and triglycerides) (Franco et
al. 1982). Carbon disulfide concentrations were less than 11.2 ppm from 1972 to 1979. Workers
(n=420) in a rayon filament factory chronically exposed to carbon disulfide (unspecified
concentrations) for 4-25 years also exhibited no difference in total serum cholesterol, triglycerides, and

B-lipoprotein in comparison to controls (n=390) (Sugimoto et al. 1978).

Only transient effects on liver metabolism have been observed in animals following inhalation
exposure to carbon disulfide. Acute inhalation (8 hours) of 20 ppm carbon disulfide produced a
reversible inhibition in oxidative drug metabolism by female rat liver microsomes and an increase in
total hepatic lipid content (Freundt et al. 1974a). Rats exposed to much higher concentrations

(642 ppm) of carbon disulfide for 4 hours exhibited no histological evidence of liver damage (Magos
and Butler 1972; Magos et al. 1973). However, hepatotoxicity characterized by hydropic degeneration
in parenchymal cells of the centrilobular zone was observed in rats pretreated with phenobarbitone to
induce the liver mixed-function oxidase system and subsequently exposed to 642 ppm for 4 hours
(Magos and Butler 1972; Magos et al. 1973). Starvation further potentiated the phenobarbitone-

induced liver lesions in rats subsequently treated with carbon disulfide.

In mice, intermediate-duration inhalation exposures at a concentration of 482 ppm for up to 23 days
(4 hours a day, 5 days a week) have resulted in a marked reduction in cytochrome P-450 and
cytochrome c-reductase content after 2-3 days. The level returned to normal by the 23rd day of
treatment. A significant decrease in uridine diphosphate-glucuronyl (UDP-glucuronyl) transferase was
also noted, as well as a significant increase in lipid peroxidation (Jarvisalo et al. 1977a). Rabbits
exposed to 300 ppm for 30 minutes a day for 120 days failed to develop any histopathologic
alterations of the liver (Tsuyoshi 1959). However, because of the small sample size (n=3), the

conclusions are preliminary.

The effect of carbon disulfide on lipid metabolism in the rat has been extensively studied (Wronska-

Nofer 1972, 1973; Wronska-Nofer et al. 1978, 1980). Serum cholesterol, phospholipids, and
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triglyceride levels were significantly elevated after exposure to 161-176.6 ppm carbon disulfide for

5 hours a day, 6 days a week, for 2 months or more (Wronska-Nofer 1972, 1973). A small but
significant (p<<0.05) increase was also noted in rats exposed to 74 ppm for 5 hours a day, 6 days a
week, for 8 months (Wronska-Nofer 1973). Rats maintained on a Murigran chow ad libitum diet and
exposed to 321 ppm carbon disulfide 5 hours a day, 6 days a week, for 6 months showed an increase
in the rate of cholesterol influx from serum into the aorta wall. Those rats exposed under the same
conditions for 8 months showed a slightly enhanced rate of aortic cholesterol synthesis (Wronska-
Nofer and Parke 1978). Rats maintained on an atherogenic diet (2% cholesterol, 0.15% thiouracil) and
exposed to 321 ppm carbon disulfide for 5 hours a day, 6 days a week, for 6 months had markedly
increased serum and aortic cholesterol levels. These results suggest that carbon disulfide may increase
arteriosclerotic changes resulting from diet-induced hypercholesterolemia (Wronska-Nofer et al.

1980).

Total serum cholesterol and fatty acids became elevated, but cholesterol esters decreased, in dogs
administered 400 ppm carbon disulfide and simultaneously fed high-fat diets (Lewey et al. 1941).
These data suggest that carbon disulfide, in conjunction with a high-fat diet, may lead to increases in
cholesterol levels above those expected from high-fat diets alone. Rabbits (n=I11) exposed to higher
concentrations of carbon disulfide (750 ppm) for 6 hours a day for 5 months exhibited a transient

elevation in total serum cholesterol which was associated with weight loss (Cohen et al. 1959).

Thus, carbon disulfide does affect liver enzymes, particularly those related to lipid metabolism. The
increases in serum cholesterol that are sometimes seen following carbon disulfide exposure may be a

result of increased hepatic cholesterol synthesis.

Renal Effects. In a study with viscose rayon workers, there was a slight but statistically significant
increase in the mean plasma creatinine concentration compared with the control group (Hernberg et al.
1971). However, the study authors concluded that all values were within reference ranges. Urinalysis
did not reveal any effects on kidney function relative to preemployment values in 114 men exposed to

carbon disulfide at 0-21 ppm for 5 years (Chrostek-Maj and Czeczotko 1995a).

Inhalation exposure of mice to 800 ppm for 6 hours a day, 5 days a week, for 90 days produced
nephropathy (Toxigenics 1983c¢). Rabbits exposed to 300 ppm carbon disulfide for 30 minutes a day
for 120 days failed to develop any histopathological alterations of the kidney (Tsuyoshi 1959). This

study is of limited value because of the small sample size (n=3). An autopsy report of rabbits
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(11 males) exposed to graded concentrations of 250-750 ppm carbon disulfide intermittently over a

period of 38 weeks revealed an increased incidence of chronic interstitial nephritis (Cohen et al. 1959).

Endocrine Effects. The available human studies provide conflicting evidence on the adverse effects
of carbon disulfide on thyroid function. However, these studies were limited by possible exposure to

other chemicals, small sample size, and lack of quantification of precise exposure concentrations.

The effects of chronic exposure to carbon disulfide on serum thyroxine and cholesterol levels were
studied in 50 workers employed in a viscose rayon factory (El-Sobkey et al. 1979). The control group
consisted of 13 workers. The carbon disulfide concentration varied from 0.0083 to 0.02 ppm and the
exposure duration from less than 20 years to greater than 20 years. An association was found between
the lower serum thyroxine levels and serum concentrations of free and esterified cholesterol in exposed
workers. According to the study authors, depression in serum thyroxine levels is related to metabolic

disturbances leading to hypercholesterolemia among carbon disulfide-exposed workers.

In a study by Lancranjan et al. (1972), 109 workers exposed to carbon disulfide for 7-31 years were
examined for thyroid function. A group of 40 workers served as controls. The exposure
concentrations varied from 19 to 29 ppm and from 72 to 96 ppm. The study authors concluded that
carbon disulfide did not induce thyroid alterations or disorders of lipid metabolism. In another study,
the effect of long-term exposure to carbon disulfide (10-36 years) was studied in 15 exposed and 16
age-matched controls (Wagar et al. 1981). The exposure levels ranged from 10 to 51 ppm. No
disturbance was noted in either thyroid function or serum prolactin values. Serum cortisol was also

unchanged.

Urinary excretion of 17-hydroxycorticosteroids (formed from precursors of adrenal origin) and
17-ketosteroids (from both adrenal and gonadal sources) was reduced in workers exposed to carbon
disulfide at 59-169 ppm for up to 8 years (Cavalleri et al. 1967). In a study that was designed to
examine the effects of carbon disulfide on the sympathetic/adrenal system, decreased diurnal urinary
excretion of adrenaline, decreased plasma dopamine, and increased serum -hydroxylase activity were
observed in women occupationally exposed at 5-7 ppm for periods ranging from 6 months to greater
than 20 years (Stanosz et al. 1994a). Blood pressure was not significantly affected in this study,
although among exposed women, a negative correlation was observed between daily urinary excretion

of adrenaline and systolic blood pressure.
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No studies were located regarding endocrine effects in animals after inhalation exposure to carbon

disulfide.

Ocular Effects. Ophthalmological changes of various types, such as increased frequency of
microaneurysms, related to the duration and intensity of exposure, have been found in Japanese
workers. Severe ocular effects characterized by dot hemorrhages or microaneurysms of the retina were
observed in Japanese workers exposed to carbon disulfide at levels between 5 and 15 ppm after 1955
and between 15 and 30 ppm earlier. The mean duration was 17 years in the first study (Sugimoto et
al. 1978; Tolonen et al. 1976) and 10.8 years in the second study (Sugimoto et al. 1976) at
concentrations averaging >20 ppm (high group) or <20 ppm (low group). Retinopathy, characterized
by microaneurysms, was observed in 35% (43/124) of those exposed to air concentrations above

20 ppm carbon disulfide and in 23% (29/127) of those exposed to below 20 ppm, as compared to 4%
(2/49) of the controls. These increases were statistically significant. The incidence and severity were
shown to increase with longer durations of exposure to carbon disulfide. The retinopathy was not age
related, the incidence being 37%, 29%, and 35% in exposed workers in the age groups 30-39, 40-49,
and 50-59 years, respectively (Sugimoto et al. 1976). Although other exposures were not discussed,

concurrent exposures to other chemicals may have also occurred.

A subsequent collaborative study was conducted to assess the incidence of retinopathy among groups
of workers in Finland and Japan exposed to similar levels of carbon disulfide. The comparison
showed that the differences in values obtained in the two studies were true differences and were not
caused by interobserver variation (Sugimoto et al. 1977, 1978; Tolonen et al. 1976). Retinal red dots
(microaneurysms and/or small hemorrhages) were observed in 25% (103/419) of the Japanese workers
with chronic exposure to mean atmospheric levels of carbon disulfide of 15-35 ppm during the 1950s
and below 20 ppm (5-15 ppm) since 1955, as compared to 4% (15/391) of the controls. However, no
significant increase in the incidence of retinopathy was noted in Finnish workers exposed to 5-10 ppm
carbon disulfide and to higher concentrations prior to 1970 (20-60 ppm during the 1950s and

10-30 ppm during the 1960s): 4% (7/188) were affected compared to 3% (2/76) of the controls.

Thus, the prevalence of retinopathy among 419 Japanese workers exposed to 5-20 ppm carbon
disulfide was high, whereas the incidence among 188 Finnish workers exposed to about 5-30 ppm was
not greater than expected. The high prevalence among the Japanese workers may be explained by
biased selection of exposed workers, different actual exposures, or the fact that no attempt was made

in either study to account for the known risk factors for retinopathy (i.e., diabetes, hypertension). The
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Finnish study may have selected for these findings. No data were presented regarding other possible

cxposures.

In studies of Finnish workers, 100 males with the longest and most marked history of exposure and

97 unexposed males were chosen for a neuro-ophthalmological investigation (Raitta and Tolonen
1975; Raitta et al. 1974, 1981). The 100 men had been exposed for between 1 and 27 years to 10-40
ppm; they were selected from the same cohort previously described by Hernberg et al. (1970).
Corrected visual acuity, visual field, eye motility, pupillary reactions, and biomicroscopy were normal
in all eyes examined. No retinopathy was detected in either group of individuals. However, delayed
peripapillary filling of the choroid (both circumferential and segmental) occurred in 68 exposed and 38
unexposed eyes, a significant difference (p<0.01). This was attributed to possible hemodynamic effects
of carbon disulfide exposure. In addition, the mean widths of eight retinal vessels and the smallest vein
were significantly greater in the exposed group, again attributed by the study authors to hemodynamic
alterations with exposure. The study was limited by the difficulty in characterizing exposure levels
because of the possibility that individual exposure varied widely and erratically over periods of time.
However, a follow-up study validated the hypothesis that the delayed peripapillary filling of the
choroid was related to the cardiovascular effects of carbon disulfide (Raitta and Tolonen 1975). In

this follow-up, 38 male viscose rayon workers exposed to carbon disulfide were compared to 40
unexposed workers (previously examined neuro-ophthalmologically). Measurements were taken by
oculosphygmography and were combined with individual electrocardiograms to statistically analyze
the characteristics of the ocular pulse wave. Results showed that the exposed group of workers had a
significantly lower pulse wave than that of the unexposed group, suggesting an increased rigidity of
the ocular vascular bed in the viscose rayon workers. This study provided further evidence that carbon
disulfide was not retinopathic in this Finnish cohort and in addition suggested a possible mechanism

for the ocular effects of carbon disulfide.

To determine the effect of carbon disulfide exposure on retinal vasculature, American subjects from a
viscose rayon plant (156 exposed, 233 unexposed) underwent pupillary dilation (with a short-acting
mydriatic), direct ophthalmoscopy, and retinal photography with monochromatic light (NIOSH
1984a). Photographs were read by an ophthalmologist and rated as normal, as having definite or
uncertain microaneurysms, or as having definite or uncertain hemorrhages. Subjects were categorized
by job and characterized as having definitely low (DL<3 ppm), moderate (M=3-7.1 ppm), or definitely

high exposure (DH>7.1 ppm). Retinal microaneurysms and hemorrhages were more prevalent in the
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combined exposed groups than in the comparison group (p<0.04). There was a concentration-related
increase in the incidence of both definite and uncertain microaneurysms with exposure to carbon
disulfide. No such trend was apparent for hemorrhages, nor for definite aneurysms alone. The
combined exposed groups had almost 20% retinal microaneurysms (both definite and uncertain)
compared to 7.5% for the comparison groups (significant, p<0.01). The combined exposed groups had
10.5% retinal hemorrhages (both definite and uncertain) compared to 3% for the comparison group
(significant, p<0.01). The difficulties in characterizing dose levels and measuring the number of
aneurysms by photography limit interpretation of the findings. Evidence regarding the occurrence of
retinopathies due to carbon disulfide exposure is not uncomplicated. It appears that there may be a
group of individuals, both Eastern and Western, who are genetically predisposed to respond with
retinopathy to low levels of carbon disulfide exposure (NIOSH 1984a; Sugimoto et al. 1976, 1977).
Conflicting evidence shows no retinopathy with exposure to slightly higher levels of carbon disulfide
in the Finnish population (Hernberg et al. 1970; Raitta and Tolonen 1975; Raitta et al. 1974; Sugimoto
1977; Tolonen 1975; Tolonen et al. 1976). The differences in response by various populations have

not been resolved.

Thirty workers in a viscose rayon plant were divided into two groups based on carbon disulfide
exposure concentrations. The control group was exposed to average concentrations of 3.2 ppm, while
the exposed workers experienced average levels of 16-32 ppm. Pigmentary changes and
microvascular retinal lesions were observed in both groups (DeLaey et al. 1980; DeRouck et al. 1986).
The study authors concluded that carbon disulfide affects several ocular structures and functions at low
exposure levels. However, this study is limited by a small sample population, probable concomitant
exposure to other chemicals, and an inappropriately chosen control group that was also exposed to
carbon disulfide. In another study, viscose workers (n=100) intermittently exposed to 1.9-26.4 ppm
carbon disulfide in combination with 1.0-4.0 ppm hydrogen sulfide for 3 months to 17 years
complained of burning of the eyes (Rubin and Arieff 1945). This study is of limited value because of
fluctuating exposure concentrations, concomitant exposure to hydrogen sulfide and other chemicals,

and lack of a control group.

Adverse ocular effects in workers of a viscose silk plant exposed 6 hours a day, 5 days a week, for
0.5-30 years to less than 3.2 ppm carbon disulfide were reported by Szymankova (1968).

Disturbances were manifested as vascular or inflammatory degenerative changes in the retinas of 12
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out of 75 (16%) of the exposed workers, which disappeared in 11 workers following cessation of

carbon disulfide exposure.

Four female monkeys exposed to 256 ppm for 6 hours a day, 5 days a week, for 5-13 weeks suffered
permanent visual impairment with degeneration of retinal ganglion cells compared to one control
(Merigan et al. 1988). Visual acuity thresholds in two macaque female monkeys were severely
disrupted after 5 weeks of intermittent exposure (6 hours a day, 5 days a week) to 256 ppm carbon
disulfide. One monkey showed some recovery at 16 weeks postexposure; the other showed no
improvement (Merigan et al. 1985). The observed effects were secondary to the effects on the optic

nerve.

Body Weight Effects. Significant associations with anorexia were found in a cross-sectional study
of 119 workers exposed to 1-36 ppm carbon disulfide over a mean of 4.2 years (Vanhoorne et al.
1992b). This study, however, did not provide adequate exposure data. No information was located

regarding effects on body weight in humans after inhalation exposure to carbon disulfide.

Female Wistar rats exposed to 800 ppm for 15 weeks (5 days a week, 6 hours a day) showed a 10%
decrease in body weight gain (Hirata et al. 1992b). Male Long-Evans rats showed a 6-8% decrease at
lower concentrations (350-600 ppm) following inhalation exposure for 10 weeks (Tepe and Zenick
1984). During a 14-day exposure (10 hours/day) to carbon disulfide at 600 ppm, male rats lost 14%
of their body weight (Wilmarth et al. 1993). This concentration also resulted in a narcotic-like stupor
in the exposed rats. Contrary to these findings, male Long-Evans rats that were exposed to 500 ppm
for 5 or 12 weeks (5 days a week, 6 hours a day) showed no significant changes in body weight gain
(Clerici and Fechter 1991). Female Long-Evans rats exposed to 800 ppm for 11 weeks (7 days a
week, 7 hours a day) had a 15% decrease in body weight gain; this effect was not seen at 400 ppm
(Rebert and Becker 1986). Inhalation exposure of Fischer 344 and Sprague-Dawley rats at 800 ppm
for 90 days (5 days a week, 6 hours a day) caused a 16-30% decrease in body weight gain in both
sexes (Toxigenics 1983a, 1983b). The percent of decrease in body weight gain depended on the strain
of rat used (Toxigenics 1983a, 1983b). Inhalation exposure of Wistar rats to 546 ppm for 8 months or
to 482 ppm for up to 14 months produced decreases in body weight (Szendikowski et al. 1974;
Wronska-Nofer 1973).
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Other Systemic Effects. Workers exposed for less than 5 years to TWA concentrations of

4.8-8 ppm had significantly elevated plasma sodium and chloride ions and decreased erythrocyte
potassium and calcium (Pines 1982). However, the large variance in the electrolyte measurements
among workers, the concomitant exposure to other chemicals, the fluctuating exposure concentrations,

and the lack of a dose response for blood electrolyte alterations limit the value of this study.

Animal studies include a necropsy report on 10 male rabbits exposed to graded concentrations of
250-750 ppm carbon disulfide intermittently for 38 weeks that revealed increased adrenal weight,
hyperplasia of adrenal cortex, and mild hemosiderosis of the spleen (Cohen et al. 1959). No
information was given as to whether the controls underwent a sham exposure process, thereby

controlling for the stress of the exposure procedure.

2.2.1.3 Immunological and Lymphoreticular Effects

The only study located that specifically addressed a possible immunological effect of carbon disulfide
exposure in humans reported data that indicated that the B-lipoprotein isolated from carbon disulfide-
exposed workers (presumably exposed via inhalation) is antigenically identical to lipoproteins isolated
from healthy nonexposed controls (Bobnis et al. 1976). The authors concluded that these findings
suggested no immunologic component involved in the increase of arteriosclerotic lesions found in
carbon disulfide-exposed workers. There are no further data to either support or refute this

conclusion.

No studies were located regarding immunological or lymphoreticular effects after carbon disulfide

exposure in either humans or animals.

2.2.14 Neurological Effects

The primary target of carbon disulfide appears to be the nervous system. Neurophysiological and
behavioral effects as well as pathomorphology of peripheral nervous system structures have been
reported in humans as well as animals. Acute exposure to high concentrations of carbon disulfide can
result in fainting and loss of consciousness. These effects were observed in 36-39% of 123 persons
exposed to carbon disulfide following an accidental release of carbon disulfide, hydrogen sulfide, and

sulfuric acid from a viscose rayon factory in India (Kamat 1994).
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Most information available on neurotoxic effects of carbon disulfide in humans comes from
occupational epidemiology studies. These exposures are considered to occur via inhalation, although
some dermal exposures could have conceivably occurred, especially under conditions that may have
prevailed 40-50 years ago. Separating possible effects of concomitant exposures to other chemicals
can also present a problem. An examination of 118 male workers in a viscose rayon plant exposed for
a median length of 15 years to carbon disulfide at an estimated average concentration of between 10
and 20 ppm revealed that the carbon disulfide-exposed workers had reduced maximal motor
conduction velocity of the median, ulnar, deep peroneal, and posterior tibial nerves when compared to
the controls (workers in a paper mill) (Seppalainen and Tolonen 1974). Individuals working in the
plant before 1960 were exposed to higher levels (20-40 ppm) of carbon disulfide than were those
working after this time. Furthermore, follow-up examination of these workers indicated that removal
from the exposure environment did not lead to improvement of the nerve conduction velocity.
However, it was noted that when individuals were removed from carbon disulfide exposure for 10-15
years, there was an equal division of people with either normal or decreased conduction velocities
compared to a greater percentage of decreased velocities in individuals absent for 0-4 years. The
authors of this study had earlier reported on neurophysiological findings in 36 workers exposed to high
levels of carbon disulfide and described diminished nerve conduction velocities indicating
polyneuropathy in many subjects (Seppalainen et al. 1972). Polyneuritis was reported to be present in
almost all workers occupationally exposed to carbon disulfide for an average of 40 months at
unspecified concentrations (Lancranjan et al. 1972). Overt polyneuropathy was reported in 9 of 17
male workers exposed to 150-300 ppm carbon disulfide for greater than 2 years, while 19 workers
exposed to 15-150 ppm also had some symptoms of polyneuropathy (Chu et al. 1995). Nerve
conduction velocities were significantly different in subjects with overt polyneuropathy when
compared to subjects with subclinical effects and in subjects with subclinical effects when compared to

unexposed controls.

Three groups of grain workers in three different work facilities (grain inspectors, malt laboratory
workers, and grain elevator workers) showed various neurological effects. Their symptoms included
distal sensory shading indicated by decreased sensitivity to pinprick and light touch, intention tremors,
resting tremors, and nerve conduction abnormalities. The authors of this study concluded that the
similarities of these symptoms to those reported in viscose rayon workers implicate carbon disulfide.
The 21 subjects in this study were, however, self-selected, no controls were used, and no
measurements of actual exposure to carbon disulfide were made (Peters et al. 1988). All individuals

reported being able to smell the fumigant mixtures of carbon disulfide and carbon tetrachloride, and it



CARBON DISULFIDE 38
2. HEALTH EFFECTS

is suggested that at this point safe levels had been exceeded. Possible contributions to effects from the
other components of the pesticide were not considered. It has been suggested that the symptoms of
the grain workers exposed to the fumigant mixtures of carbon disulfide and carbon tetrachloride
resemble those of patients with idiopathic Parkinson’s disease (Matthews et al. 1990). Clinically,
Peters et al. (1982) described loss of associated movements, cogwheeling, and atypical tremor in the

grain workers resembling early Parkinsonism.

Clinical neurological examination of 16 men formerly exposed to carbon disulfide for at least 10 years
revealed abnormalities in 15. Cerebral computerized tomography (CT-scans) showed signs of atrophy
in 13, and neuropsychological examination indicated brain organic changes in 13. The authors of this
study believed that long-term exposure to carbon disulfide involved a risk of developing toxic
encephalopathy (Aaserud et al. 1988). Exposures were assumed to be between 9.6 and 19 ppm, with
occasional higher exposures. There was no quantitation of individual exposures, however, and no
adjustment was made to account for other possible occupational exposure or for lifestyle factors.
CT-scans also revealed evidence of brain atrophy in 12 of 20 workers exposed to carbon disulfide at
0-21 ppm for 5 years (Chrostek-Maj and Czeczotko 1995b). The changes were observed most
frequently in the frontal lobe. CT-scans were only completed in the 20 individuals with the worst
psychiatric effects. Exactly what was being measured in the psychiatric examinations was not clear.

In this study, psychiatric exams were completed before and 5 years after the start of exposure. In the
exposed group of 114 men, the prevalence of “pseudoneurotic” symptoms increased from 8.4% to
43%. A similar increase was not observed among 62 unexposed control workers. Peters et al. (1988)
noted that magnetic resonance imaging findings in 2 out of the 3 grain storage workers were indicative

of central demyelination.

Regional cerebral blood flow was examined using Doppler ultrasound in 15 workers exposed to
3.2-28.9 ppm carbon disulfide for a mean of 20 years (Aaserud et al. 1992). Studies were performed

4 years after exposure ended. Asymmetrical blood flow patterns were observed in 8/14 workers, all of
whom had encephalopathies consistent with carbon disulfide exposure. However, when the results
were corrected to adjust for a possible influence of pCO,, the values did not differ between the
exposed workers and referents. No clear conclusions about this study can be made because of the
small number of exposed workers, lack of a current exposure group, possible selection bias, and age

variation between cohort and referents.
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A study was conducted on 81 patients who had worked in environments containing toxic chemicals,
who exhibited chronic carbon disulfide poisoning, and who showed evidence of polyneuropathy
(Vasilescu 1976). The patients showed decreased conduction velocity in sensory nerves. These
decreases were greater than those seen in the motor nerve velocities and, in some patients, occurred
before any clinical signs. No measurements of actual exposure were given, however, and no estimates
were made on the duration of occupational exposures or the chemicals that may have contributed to

the total exposure history of the patients. Carbon disulfide was one of the major contaminants.

Workers exposed to carbon disulfide (n=145) were evaluated for its effects on the peripheral nervous
system and compared to a group of nonexposed artificial fiber plant workers (n=212) located on the
same premises (Johnson et al. 1983). The mean exposure period was 12.1 £ 6.9 years (mean * SD),
and individuals were divided into three groups based on previous exposure histories, job descriptions,
and current carbon disulfide levels established on the basis of 8-hour personal monitors. The median
carbon disulfide level for the comparison group was 0.2 ppm, while the median carbon disulfide levels
of exposed individuals were 1, 4.1, and 7.6 ppm. The mean exposure concentration of all groups
considered together was 7.3 + 17.2 ppm (mean f SD) (23 mg/m’), ranging from 0.6 to 16 ppm
(1.9-50 mg/m’). Carbon disulfide levels showed variability during breakdown periods at the plant
which occurred “infrequently” but exposed some workers to brief periods of high carbon disulfide
concentrations. Surface electrodes were used to measure maximum motor conduction velocity (MCV)
in the ulnar and peroneal nerves and sensory nerve conduction velocity (SCV) in the sural nerve.
There was a dose-related reduction in motor nerve conduction velocities in the calves and ankles,
which was statistically significant in the high-concentration exposure group and in the average
exposure group. However, the reductions were within the range of normal values. The study authors
considered this to indicate minimal neurotoxicity. A chronic-duration MRL of 0.3 ppm was
established for this effect, using 7.6 ppm as the LOAEL. In addition, reductions in the peroneal nerve
conduction velocity appeared to be related to the workers’ cumulative exposure to carbon disulfide.
This study reported health-related effects at average levels of exposure much less than those usually
reported for occupational cohort studies. However, potential coexposure of these viscose rayon
workers to hydrogen sulfide, tin oxide, zinc oxide and sulfate, sodium hydroxide, sulfuric acid, and

lead may account for a portion of the toxicity response.

Mental performance and personality disorders were examined in 17 long-term workers from each of

two rayon factories, one group with a long history of relatively high exposures to carbon disulfide
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(mean concentration of carbon disulfide measured after 1971 was 57.8 ppm) and the other with lower
exposures (mean concentration of carbon disulfide measured after 1971 was 19.3 ppm). Twenty-one
test variables were used: 3 intelligence tests, 6 personality tests, and 12 ability measurements. The
workers from the factory with the highest exposure measurements showed more anxiety, introversion,
and depression than the other workers. They also did significantly worse on tests designed to measure
number facility, sustained attention, speediness, and carefulness. There were, however, no estimates of
individual exposure and no control for concomitant exposure to other chemicals (Foa et al. 1976).
Lack of attention and reduced perceptive ability were observed in viscose rayon workers exposed to
carbon disulfide at 0.6-2.6 ppm with peaks of 11.2 ppm (Cassitto et al. 1993). The investigators
suggest the effects may be a result of transient peak concentrations of carbon disulfide rather than the
low concentrations. Other studies have indicated that grain storage workers had intense exposures
interspersed often with periods of more minimal contact with anti-weevil chemicals (Matthews et al.

1990; Peters et al. 1982, 1986a, 1986b, 1988).

Behavioral examinations (psychological tests, psychomotor tests, and cognitive-perceptual tests) of
131 workers in a rayon plant who were exposed to carbon disulfide were compared to those of

167 workers who worked in textile plants that manufactured other synthetic fibers. Exposure and
companion (control) groups and exposure levels are the same as those described for the Johnson et al.
(1983) study. The workers completed a checklist of symptoms characteristic of various
neurobehavioral syndromes. The results showed no behavioral changes of any major significance.
The rayon workers did report symptoms of neurobehavioral ailments, however. Workers were
classified individually according to job title and the past and present exposure levels for individuals in
that job title. The exposures measured in the plant were generally below 20 ppm, suggesting that

these levels may be too low to identify behavioral changes (Putz-Anderson et al. 1983).

A study of neuropsychological variables in carbon disulfide-exposed workers investigated 120 workers
selected on the basis of age not exceeding 50 years and an absence of family or personal history of
nervous disorders. The test battery consisted of three intelligence tests, three personality
questionnaires, a test of memory involving measures of perception, recognition, and free recall, and
two performance measures. Workers were grouped according to exposure categories (none; low, about
20 ppm; medium, between 20 and 38 ppm; and high, greater than 38 ppm). The no-exposure and
low-exposure categories were combined for analysis. Differences in the groups’ measurements were

statistically analyzed and revealed decreased intelligence scores, performance, and memory and
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increased fatigue and depression in the workers with higher exposures. These changes were dose
related, although the exposure variable was categorical and not quantitative (Cassitto et al. 1978; Cirla
et al. 1972). Neurological effects in 50 viscose rayon workers occupationally exposed to an average
concentration ranging from 3.2 to 9.6 ppm carbon disulfide for 3-12 years were compared to a pair-
matched control group from unexposed departments of the plant (Cirla and Graziano 1981). There
were no significant differences in the exposed and control groups for three considered parameters:
maximum and minimum conduction velocity and residual latency on the peroneal nerve.
Psychological examinations of 25 pairs showed no apparent differences between the exposed and
control groups. Electromyography and clinical diagnosis revealed only one exposed worker with
minimal neuropathy. Furthermore, four exposed and two unexposed workers were clinically diagnosed
with the nontoxic syndrome and radiculopathy, and no cases of polyneuropathy were found in either
group. Clinical diagnosis of central impairment was found in two exposed workers and no unexposed
workers with psychoorganic syndrome. The number of neuropathy or psychoorganic cases was not
significant enough to associate exposure to carbon disulfide with adverse neurological effects.
Furthermore, the absence of significant differences in peripheral nerve motor conduction velocity and
psychological parameters lends particular weight to the conclusion that occupational exposure below
9.6 ppm (maximum exposure concentration) for up to 12 years does not cause recognizable adverse

neurological health effects.

In a cross-sectional study of the chronic effect of carbon disulfide exposure on the central nervous
system, researchers measured the brain stem auditory evoked potential (BAEP) in Japanese spinning
workers from a viscose rayon factory (Hirata et al. 1992a). The workers were divided into three
groups depending upon length of exposure: 34 current workers exposed for more than 240 months,
24 current workers exposed for 24-84 months, and 16 former workers exposed for more than

120 months. The 39 unexposed controls were workers in a nylon filament factory. The TWA
exposures ranged from 3.3 to 8.2 ppm (mean 4.76 ppm). The latencies of the three main components
of BAEP increased compared to those in the control group. The significantly higher interpeak
latencies in workers exposed to carbon disulfide for more than 240 months suggest that chronic
exposure to carbon disulfide involves the auditory ascending tract in the brain stem. Despite long
exposure, BAEP parameters in workers exposed to more than 120 months were not significantly higher

than those of the control group.



CARBON DISULFIDE 42
2. HEALTH EFFECTS

Neuropsychological and neuropathological examinations were performed on 16 viscose rayon workers
in Norway exposed to 3.2-28.9 ppm for an average of 20 years (Aaserud et al. 1990). Workers were
also exposed to hydrogen sulfide (80 mg/m®) while working. The clinical tests performed included
electroencephalograms (EEQG), electromyograms (EMG), computerized axial tomography (CAT)
scans, and motor and sensory neurography. Workers complained of dyspnea, tiredness, nausea,
decreased memory, and irritability. Major neurological deficits occurred in 6/16 workers, while minor
deficits occurred in 9/16. Pathological changes in EEG patterns were noted in two workers while six
showed pathological changes in EMG. Decreased nerve impulse conduction and motor, sensory, and
mixed motor/sensory neuropathies were demonstrated. Cerebral or cerebellar atrophy was noted in
13/16 workers, and neurophysiological examinations showed psychomotor retardation and
coordination difficulties. Study deficiencies were the lack of a control group and confounding factors

in the subjects, including alcohol abuse.

The neurotoxic effects after 10 years or more of long-term, low-level occupational exposure to carbon
disulfide in workers at a viscose rayon plant were examined by assessing markers of the peripheral and
autonomic nervous system (Ruijten et al. 1990, 1993). Reinvestigation of 44 of 45 exposed and 31 of
37 matched control workers revealed changes in the motor nerve conduction velocity (Ruijten et al.
1993). The exposure concentration in the two studies varied from 1 to 30 ppm. For peripheral nerves,
a decrease in the conduction velocity in both fast and slow motor nerve fibers (peroneal nerve) was
observed in exposed workers. Sensory conduction velocities were reduced and the refractory period of
the sural nerve was increased. The effects on the sural nerve were pronounced. A small decrease in
conduction velocities in the absence of symptoms of neuropathy and decreased response amplitudes

suggest a mild presymptomatic nerve impairment.

The relationship between electric impulse transmission and visual stimuli was examined in a group of
21 patients with chronic carbon disulfide exposure in a rayon production plant for 20-36 years and
control groups of 25 or 36 healthy unexposed males (Sikora et al. 1990). A significant correlation was
observed in latency and amplitude of response. The correlations suggest cerebral dysfunction of the
visual pathway and diminished ability to transform visual information to motor reaction at the level of
the cortical association center. The study was limited by the lack of quantification of exposure levels

and the variability in responses in the exposed group.
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Finger tremor accompanying voluntary movement was studied in 19 control subjects and 19 grain
workers exposed to carbon disulfide-based fumigants for 13.5 years (Chapman et al. 1991).
Comparison was made between finger tremor detected using computerized techniques and
Parkinsonian tremor detected visually on neurological examination. The measurement of amplitude
and frequency provided a more accurate diagnosis than the visual observation. The distribution of
tremor frequency power in the grain workers was reminiscent of tremor in idiopathic Parkinson’s
disease. These findings suggest that the measurement of subtle tremor frequency changes may provide
an early indication of chronic carbon disulfide poisoning. However, the study was limited by the lack

of exposure concentrations and the use of only symptomatic cases.

Animal studies on the neurotoxicity of carbon disulfide have usually been done in rats and provide
histopathologic and neurochemical data that support a neurotoxic effect for carbon disulfide. In
general, the doses used in these animal studies are considerably higher than the occupational exposures

seen in epidemiological studies.

In a study that examined effects in rats (Wistar) and mice (H strain) exposed to carbon disulfide for
4 hours, rats appeared to be more sensitive than mice (Frantik et al. 1994). The concentration that
resulted in a 30% inhibition of electrically evoked seizure discharge was 1,370 ppm in male rats and

2,600 ppm in female mice.

Short-term exposures to inhaled carbon disulfide in rats have shown consistent results with respect to
brain chemistry changes and sensory and motor nerve conduction alterations. Rats exposed for

4 hours a day for 10 days at 642 ppm showed decreased noradrenaline, increased dopamine, and
elevated tyrosine in the brain (Magos and Jarvis 1970). The authors proposed that changes in tyrosine,
dopamine, and noradrenalin may be caused by a feedback mechanism in which the increase in
dopamine prevents a conversion of tyrosine to dopamine. No relationship to clinical signs or
behavioral effects was noted. Further work at the same exposure level indicates that the noradrenaline
concentration remains significantly decreased for at least 20 hours after a 1-hour exposure, but the
dopamine levels return to normal (Magos et al. 1974). Female rats exposed to 777.1 ppm for 12 hours
showed swollen brain mitochondria and elevated brain adenosine triphosphate (ATP) levels compared
to controls (Tarkowski et al. 1980). However, no histopathological changes were noted in brain tissue.

Under the same experimental conditions, rats exposed to 257 ppm for 5 hours a day, 5 days a week,
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for 10 months showed biochemical changes that involved uncoupling of oxidative phosphorylation

(Tarkowski et al. 1980).

Mice exposed to 0, 120, 580, 2,200, or 3,700 ppm carbon disulfide for 1 hour showed no behavioral
changes at 120 ppm but did at 580 ppm and higher (Liang et al. 1983). The same study investigated

an intermediate-duration exposure as well. Mice were exposed to 0, 260, 580, or 840 ppm carbon
disulfide for 4 hours a day, 5 days a week, for approximately 30 days. No changes were observed at
260 ppm, but concentration-related decreased responses to operant behavior were observed at 580 ppm
and at 840 ppm. The study is limited because there is no indication of the number of animals used.

For the 30-day exposure study, there was no truly unexposed control, since some of the mice from the
acute phase were used. The same mice were used for all doses in the intermediate phase, with

10-14 days between each dose exposure. It is therefore unclear whether the effects noted were due to

the dose or were a cumulative effect of previous doses.

Male Wistar rats were exposed to 578 ppm carbon disulfide for 10 months. Also reported in the same
paper were results from an 18-hour exposure to 803 ppm. The rats developed different signs of
poisoning depending upon the type of exposure: the 10-month exposure caused loss of motor
equilibrium, muscular weakness, and hind-limb paresis, and the acute dosing caused severe narcosis,
reduced cardiac and respiratory rate, straightening of hind limbs, and lower body temperature.
However, brain mitochondria in both groups of animals exhibited the same types of disturbances in
oxidative phosphorylation-uncoupling of oxidative phosphorylation, decreased phosphorus-oxygen
(P:O) ratio, and a lower ATP-inorganic phosphorus (ATP-P;) exchange rate (Tarkowski and Sobczak
1971). Although this study used only six or seven animals and one dose, the results were consistent

and do not conflict with other information regarding the effects of carbon disulfide on metabolism.

A narcotic-like stupor was observed during carbon disulfide exposure of rats at 600 ppm 10 hours a
day for 14 days (Wilmarth et al. 1993). By the end of the study, mild ataxia and moderate hind-limb
splay were also observed. Neurobehavioral effects were observed in rats exposed to 642.2 ppm of
carbon disulfide for 4 hours a day, 5 days a week, for 6 weeks. No changes were seen after 3 weeks
of exposure, but hind-limb extensor responses and motor coordination were impaired after 6 weeks of
exposure. Recovery had occurred by 3 weeks after cessation of exposure. The carbon
disulfide-exposed rats were stimulated less than the air-ventilated controls by 3 mg/kg of

d-amphetamine, suggesting that repeated exposure to carbon disulfide affects the availability of brain
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noradrenaline for release. This effect also disappeared by 3 weeks after exposure (Tilson et al. 1979).
These results are consistent with those of Magos and Jarvis (1970) and Magos et al. (1974) (discussed

above) in which noradrenaline was shown to be decreased in the brains of acutely exposed rats.

Motor capacity (static endurance and dynamic performance at forced motor activity) was studied in a
total of 96 albino rats that were repeatedly exposed to 0 (42 males/group), 48, 385, or 770 ppm carbon
disulfide via inhalation (18 males/group) (Frantik 1970). Acute toxicity was measured 0-60 minutes
after termination of exposure, and chronic toxicity was measured 48-72 hours postexposure. After
initial exposure to the 770-ppm dose there were reductions in spontaneous motor activity (60%),
conditioned avoidance, and motor performance. Effects persisted for 24 hours but disappeared
completely 3 days postexposure and failed to reappear after repeated experiments. Symptoms of motor
impairment were observed after a variable latent period and were related to exposure concentration
(385-ppm dose, 18 weeks; 770-ppm dose, 8 weeks). On the average, motor capacity (maximum speed
and endurance at dynamic performance) was reduced by 40-50% at the 385-ppm dose and by more
than 80% at the 770-ppm dose. Motor function recovered during the first 8 weeks. The study is

limited by the lack of quantitative measurement of nervous system impairment.

Neuromuscular and sensory effects were evaluated in Long Evans rats exposed to 500 ppm (6 hours a
day for 5 or 12 weeks) using an acoustic startle test (Clerici and Fechter 1991). Neuromuscular
integrity was shown to be compromised based on auditory startle reflex amplitude; animals showed a
70% recovery 4 weeks postexposure. No clinical signs of neurotoxicity or changes in hearing function
or acoustic tone thresholds were noted. Use of a single exposure concentration precluded assessment

of dose response.

The chronic effect of carbon disulfide exposure on the central nervous system was examined by
auditory brainstem responses (ABR) in female JC1 Wistar rats (Hirata et al. 1992b). Rats were
exposed by inhalation to 200 or 800 ppm, 6 hours a day, 5 days a week, for 15 weeks. Auditory
responses were measured before exposure, every 3 weeks during exposure, and in weeks 2 and 6 after
exposure. The delayed latencies of ABR were observed at 800 ppm suggesting a conduction
dysfunction. The transient delay of ABR responses at 200 ppm indicated only slight conduction

dysfunction. Rats recovered 2-6 weeks after carbon disulfide exposure.
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Neuropathology has been investigated in several studies of carbon disulfide exposure in rats. The
results are consistent with regard to effect but not with regard to the dose required to produce the
effect. Axonal swellings, demyelination at axonal enlargements, swelling of nerve terminals at
neuromuscular junctions, muscle atrophy and degeneration, damage of the terminal axons, myelin
indentation, fiber breakdown, and distended mitochondria have been reported (Jirmanova and Lukas
1984; Juntenen et al. 1977; Szendzikowski et al. 1974). These experiments used only one dose, which
varied between 482 and 770.7 ppm, and a control group; therefore, no dose response can be
established using only these data. A study by Rebert and Becker (1986) attempted to establish a
temporal dose-response relationship for peripheral nerve conduction activity. Their work with rats
showed that visual-evoked potentials and conduction time in peripheral nerves and in brainstem
auditory pathways were longer in animals exposed to 800 ppm, 7 hours a day, 7 days a week than in
those exposed to 400 ppm for the same duration (11 weeks). The potentials in the groups exposed to
lower levels were longer than in the controls, although the differences were not statistically significant.
Four female monkeys exposed to 256 ppm for 6 hours a day, 5 days a week, for 5-13 weeks suffered
permanent visual impairment with degeneration of retinal ganglion cells (Merigan et al. 1988). Visual
acuity thresholds in two macaque female monkeys were severely disrupted after 5 weeks of
intermittent exposure (6 hours a day, 5 days a week) to 256 ppm carbon disulfide. One monkey
showed some recovery at 16 weeks postexposure; the other showed no improvement (Merigan et al.

1985).

Neurological effects such as hind-limb motor difficulties, reduced nerve conduction velocity, and
degeneration of nerve fibers were seen in rats exposed to 700 ppm of carbon disulfide for 5 hours a
day, 5 days a week, for 12 weeks (Colombi et al. 1981). These pathologies continued to 3 weeks
postexposure but were slightly improved 6 weeks after carbon disulfide exposure. The improvement
continued up to the 18th week of recovery, suggesting that the process may be reversible. This study
was limited by the use of a single carbon disulfide dose. In another study, paralysis of hind limbs was
observed in Wistar rats exposed to 546 ppm for 8 months (5 hours a day, 6 days a week); this effect
was not seen at 321 ppm (Wronska-Nofer 1973).

Morphological changes in the peripheral nerve and the spinal cord were studied in rats and mice
exposed to 50, 300, or 800 ppm carbon disulfide, 6 hours a day, 5 days a week, for 90 days (Gottfried
et al. 1985; Toxigenics 1983a, 1983b, 1983c). Rats exposed to 50 ppm showed no changes in any

parameters; rats exposed to 300 ppm showed only occasional swelling of axons in dorsal corticospinal



CARBON DISULFIDE 47
2. HEALTH EFFECTS

fibers of the lumbar spinal cord; and rats exposed to 800 ppm showed extensive neurofilamentous
axonal swelling in the spinal cord. Neurofilamentous axonal swelling was particularly seen in the
distal portion of long fiber tracts, including prominent swellings in the dorsal ascending sensory fibers,
whereas it was only intermittently seen in the dorsal corticospinal fibers. In addition, extensive
peripheral nerve changes were seen at the level of the posterior tibial nerve. The sciatic nerve showed
no appreciable loss and only occasional axonal swelling. Ultrastructurally, the axonal swellings
contained abundant disorganized neurofilaments, decreased microtubules, and thin or absent myelin.
Brain and body weight were decreased in proportion to the concentration, with the decrease in brain

weight statistically significant in the 800-ppm group.

The highest NOAEL values and all reliable LOAEL values for neurological effects are recorded in
Table 2-1 and plotted in Figure 2-1.

2.2.1.5 Reproductive Effects

Data on reproductive effects of carbon disulfide in humans come from studies of occupational cohorts
that are exposed primarily via inhalation to carbon disulfide in the workplace. These studies are
limited by generally poor exposure measurements, concomitant exposures to other chemicals, and
occasionally the lack of appropriate control groups. Nonetheless, the data provide some evidence that

carbon disulfide may act on the reproductive system.

In some studies, effects in females included an increased incidence of spontaneous abortion at levels as
low as about 2 ppm (6-7 mg/m’) (Heinrichs 1983; Wang and Zhao 1987). Other epidemiological
studies have not corroborated these reports, however. In a community study of spontaneous abortion,
occupation, and air pollution, the study authors found no relationship between carbon disulfide
concentrations and miscarriage rates (Hemminki and Niemi 1982). Another study reported that women
exposed to 0.5-4.7 ppm (1.7-14.8 mg/m”) had significantly more menstrual disorders than nonexposed
women; however, there was no increase in the rate of spontaneous abortion, stillbirth, premature
delivery, or congenital malformation (Zhou et al. 1988). Increased rates of menstrual disorders and
toxemia of pregnancy were also reported in workers exposed to 12-18 ppm carbon disulfide (Cai and

Bao 1981). However, concomitant exposures to other chemicals were not considered.
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Researchers examined 15 men exposed in a viscose plant to unspecified concentrations of carbon
disulfide and hydrogen sulfide for 10-36 years and compared them with 16 age-matched controls
(Wagar et al. 1981). The carbon disulfide concentrations at the viscose plant were below 10 ppm just
prior to the study, but the levels had been higher previously. Serum follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) were significantly increased in the exposed workers. The study
authors concluded that this was a sign of primary gonadal insufficiency. However, no changes were
seen in serum testosterone or thyroid functions. Exposures were not well characterized, only a small
number of workers were examined, and semen analysis was not performed; these limitations preclude
developing conclusions from this study. In a National Institute for Occupational Safety and Health
(NIOSH) study of 434 American workers, semen quality was evaluated in 86 exposed and 89
unexposed workers (Meyer 1981). The duration of carbon disulfide exposure ranged from 12 months
to 257 months. Statistical analysis of sperm count, ejaculation volume, and morphology patterns
showed no statistically significant difference between the exposed and unexposed groups. Exposures
were not well characterized and were designated as definitely high (DH=1